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NATIONAL ADVMSORY»SOMMITPEE FOR AERONAUTICS

ADVANCE CONFIDENTIAL REPORT

A SIMPLE METHOD FOR ESTIMATING TARMINAL VELOCITY
INCLUDING EFFECT OF COMPRESSIBILITY ON DRAG
By Ralph P, Bielat

SUMMARY

A generalized drag curve that provides an estimate
for the drag rise due to compressibllity has been obtalned
from an analysis of wind-tunnel data of several airfoils,
Tfuselages, nacelles, and windshields at speeds up to and
above the wing critical speed. The airfoils analyzed had
little or no sweepback and effective aspect ratios above 6.5.
A chart based on the generalized drag curve ls presented.
from which the terminal veloclty of a conventional airplans
that employs a wing of moderate aspect ratio and very
little sweepback in a vertical dive may be rapidly esti-
mated., In order tn use the chart, the only data that
need be known about the airplane are a low-apeed drag
coefricient, the wing critical speed, and the wing loading.
The terminal velocities for three airplanes were computed
in order %o illustrate the use of the method and chart.
Good agreement between the estimated terminal velocity and
the messured flight terminal velocity was indicated for
all three alrplanes.

INTRODUCTION

Seversl high-speed military airplanes in dives have
encountered difficulties that could not be easily con-
trolled by normal means. These difficulties, which may
consist of diving moments, large changes in trim, large
gtick forces, tail buffeting, and the like, occur in high-
speed dives when the speed of the airplane exceeds the
critical speed by a large amount. or those alrplanes for
which maxinum diving speeds are at or near the critical
speed, little or no- trouble occurs. The more recent
fighter airplanes, however, have terminal Mach numbers
well in excess of the critical Mach number and, &as a
result, often encounter difficulties in dives. Determi-
nation of the terminal velocity of the alrplane is there~
fore iImportant in or@gr_th&t tgglprobability of encoun-
tering trouble in dived™may oe esbtimated.
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The terminal veloclty is also impnrtaat because it
forms the cuter limits of the V-G dlagvsm. Usually the
outer limit of the V-G dlagram 1s estaeblishod by multi-
plying the msxlimum level-flight speed nf an airplane by
an arblirary factor somewhat greater then 1.0. 4he terml-
nal veiocitwv of most recent alrplanes, howsver,. generally
falls much below thls arbltrary maximmm epesd, and these
alrplanes are therelore unnecessarily penalized by extra
weight hecause they are designed for conditions that are
not reachsd in aclual flight.

The present report outlines a simple method for
obtairing the terminal velocity of an eirplane in e verti-
cal divs and inciudes an estimate for the drsg increass
due to compressitility effects. The wind-tuinnel test data
were obtained from model tests conducted in the Langley
2li~inch and 8-foot high-speed tunnels. £11 the data
presented herein were obtained for zero 1il't.

The problem of determining tne terminal veloclty for
airplanes for whnich the terminal veloclity is near the
critical speed is comparatively simple inasuuch as a
consbant value of drag coefficient can he assumed. The
diving speeds of most present-day alrplanes, however,
occur beyond the critical speed and the preblem is not sn
simple. The following two rectors are involved: (1) the
determination of the critical speed and (2) the rate..of
drag increase at speeds above the critical speed.

The critical speed used herein was artitrarily taken
as the critical speed of the wing-root section. Pressure-
distritution data obtalned from wind-tunnel tests.were
used to determine the critical speed, which 1s defined as
the £light speed at which sonic velocity is reached
locally. If experimental data are not svailable, however
the methods outlined in references 1 and 2 can be used
for the determination of the critical speed. Selection. .
of the critical speed at the wing-root section for use in
terminal-velocity estimation 1s justified on tha grouuds.
that the root ssction usually has a lower critlcal speed
than any other component part of the airplane. The x#ing
root has the lowest critical speed because of its.high
thickness ratio and contributzss a large part of the tobal
airplene drag because of the large fractlion of the wing.
area concentrated at the inboard sectionsof tapered wings,

The rate of drag increase at speeds above the. criil-
cal speed 1is more cdifflcult to determine in the calculabion

!IW» -
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of the terminal veloclty than the critical spesd. A
study of the drag of airfolls, fuselages, nacelles, and
windshields has been made from wind-tunnel test data in
order to determine the effects of compressibility on the
drag. Escause the rate of drag incresase abt speeds above
the critical speed is so greab, it was found that, within
the accuracy required for terminal-vslocity calculations,
an average rate of drag increass may be used. A curve
indicating the average rate of drag increase 1s presented
herein. This curve was derived from an analysis of wind-
tunnel data. ' '

The method described herein for obtaining the termi-
nal velocity of an airplane in a vertical dive has been
in use at the NACA since 1941. Publication of the method,
. however, had been delsyed pending the investigation of
constriction corrections to be &pplied to ithe wind-tunnel
data and the completion of high-speed dive tests made
with several airplanes in order to compare terminal
velocities obtained in flight with terminal velocitiles
estimated by the simple method described herein. Thils
method is not applicable to airplanes that utilize wing
shapes of low aspect ratio snd laerge sweepback but should
be applied only to sirplanes of conventional design that
employ wing shapes of moderate aspect ratio and small
amounts of sweepback due to wing taper ratio.

SYMBOLS

v veloclty

speed of sound in air

M Mach number (V/a)

Cp drag coefficient

Cr, 1ift coefficient

o} mass density of air

S wing area

W welght of airplane

o) atmospherlc pressure at any altitude
D
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Y ratio of specific heats (1.0 for air)

t/c ratio of thickness to chord of wing
Subsecripts:

or critical (when local sonic velocity has been

reached on some point of body)

min minimun
T terminal

DESCRIPTION OF MODELS

Airfoil models.- The airfoil models used hereln
repreassnt two classes cof alrfolls - nauely, the conven-
tional NACA sectlions and the more recent low-drag high-
critical-speed NACA sections. The conventional NACA alr-
foil sections are characterized by pressure distributions
that have high peak pressures occurring near the leading
ed¢ge. The low-dreag NACA airfoll sectlions have compara-
tively flat pressure distributions with the pesak pressures
occurring at approximately 60 percent of the chord behind
the leading edge.

Airfolls typical of the conventional airfolls are
the NACA 0009-63%, 0012-63, 23012, and 23%01).7 sectlions;
a current transport-model airfoll that has an Nala 2215
section at the rcot and tapers to an FACA 2212 section at
the tip; and the Davis airfoil with a thickness retio of
20.15 percent. The low-drag airfolls include the following
NACA &irfoll sectionss

16-215 65-type modified, = = 0.196
16-509 66,1-115
16-515 67-11l;.5
g{=-215 :
67,0-215

65(218)-220

The effective aspect retio of the airfolil models
tested varied from 0.5 to infinity.

Tuselage models.- The fuselage models are tyrical of
fuselage sinapes In use on current alrnlanes. The varilous
fuselages represent bomber, fighter, and transport air-
planes. Figure 1 shows the side-view drawing and the
fineness ratio in side elsvation of the different fuselage
shapes. These fuselage models were tested in conjunction
with wings (shown as_dashed lines in fig. 1) and represent
a wide variation in MEETIIYSME® interfeorence.

GRS
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Nacells and windshield models.- The data for the
various nacelles and windsnields were obtalned from refer-
ences 3 and L, respectively. The nacelle and windshield
designations used herein correspond to the designatlons
used in references 3 and h. 411 the nacelle models wsre
tested with the same wing model, which consisted of the
outboard panel of a wing section Gesigned for use on a
bomber aeirplane. The wing was a thlck low-drag alrfoil
that had an NACA 65(218)-221 section at the root end
tapered to an NACA 66(2x15)-116 section at the tip. The
windshields were tested with a wing-fuselage combination.
Drawings of the nacelle and windshleld models are shown
in figures 2 and 3, respectively.

RESULTS AND DISCUSSION

Drag Characteristics

Drag analysis.~ In order to obtain a correlation of
the rate oi drag increasse at speseds above the critical
speed, the drag results for the various component parts
of the airplane have been reduced to nondimensionsl param-
eters; that is, GD/CDmin is plotted against M/Mqp

for sach part tested. The use of these parameters
represents a convenient method of malking the data non-
dimensional in such a manner that the unknown quantities
are expressed in terms of the known quantities.

The drag results at speeds up to and above the criti-
cal sveed for the conventional IJACA airfoils are presented
in figures L. and 5. Figures 6 to 9 show the variation of
CD/CQHin with M/Mg, for the low-drag high-critical-

apeed airfoils., It will be noted that all the alrfoils
presented in figures I, 6, 7, and 8 exhibited approxi-
mately the same rate of drag increase at speeds above the .
critical speed; for this resson a curve of the average
rate of drag increase at speeds gabove the critical speedmaybe
used. An average increase in drag of approximately 30 per-
ceht aboveé the minimum drag was indicated at —— = 1.0;

cr -
at speeds of only 10 to 15 percent above the critical
speed, however, the drag increased apprroximately G0
to 200 percent. This rapid Increase in drag at speeds
above the critlical speed is associated with the formation
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of compression shock waves and their effect on the boundary
layer over the surface of thne airfoils. The family of
airfoils used in rigure 5 showed less percentage of
increase in drag at the critical speed than the WACA 0009,
0012, or the low-drag high-critical-speed airfoil sections.
Both published (reference 5) and unpublished high-speed
data show that the NACA 230-gseries alrfoils differ from
most of the other airfoils in that the critical speed can
be exceeded by as much &s 0.15 in Mach number before any
serious changes in the aerodynamic characteristics of the
airfoil occur. The critical speed of the NaCia 230-series
airfolls is therefore exceeded by approximately T% percent

before the same psrccontage of increase in drag occurs &s
is shown for the other airfolls. The Importance of this
difference in ths shave of the dreg curve above the criti-
cal speed on the estimation of terminal velocity is dis-
cusseﬁ in the section entitled "Terminal-Velocity Calcula-
tion.

The ranid increase 1in drag before the critical sneed
1s reached, which is shown for the NACA 67-11l.5 airfoil
in figure 9, is due to early separation of the flow over
the after nortion of the airfoll. Tails condition also
affects the method for estimasting the terminal veloclty.
An error in estimating the terminal velccity when the
flow separates will occur only for those ailrplanes for
which terminal velocities are at or negr tne critical
speed; this separation of flow will not appreciably arffect
the determination of the terminal velocity for high-
performance airplsnes for which the terminsal velocity
occcurs at speeds well above the critical speed.

Figure 10 shows the variation of CD/CDmin with

M/Msp for several fuselage shapes and fineness ratios,

The drag increments for the nacelles and windshields are
presenitsd in figures 11 and 12, respectively. The criti-
cal spesds for these bodies were based cn the wings with
which the models were tested and were determined for ths
wing-root juncture. The effect of compressibility on the
rate of drag increase at speeds above the wing critical
sreed for thiese bodles 1s simllar to thst for the air-
foils.

In the correlation of the average drag increases of

cor
the various compoi.ents of the alrnlane throuzhout the
Mach number range, & generalized drag curve was derived
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and is presented in figure 13, The data presented in
figures Iy, 6, 7, 8, 10, 11, and 12 were used to obtain

the generalized drag curve. The generalized drag curve

is an average of the drag data for the airfoils, fuselages,
nacelles, and windshielcds at speeds up to 10 percent

above the critlcal speed. Only the average drag of the
airfoils at speeds from 10 to 15 percent above the criti-
cal speed was used. The generalized drag curve was extra-
polated by use of a straight-line extrapolation from 15

to 25 percent above the critical speed. The straight-
line extrapolation 1s believed to be sufficiently accurate
for estimation of the terminal velocity 1n this region
where the drag rises rapidly due to compressibility
effects.

Constriction corrections,- Corrections for constriction
effects have been appnlied to the data. The constriction
corrections have been determined from pressure measure-
ments obtained in the Langley 2li-inch and 8-foot high-
speed tunnels on NACA 0012 sgirfoil models of wvarious
sizes. The magnitude of the corrections applied to the
drag coefficients amounted to less than one-half of 1 per-
cent of the Cynamic pressure ¢ at low speeds and
increassd to approximately 2 percent of q at the criti-
cal speeds and to approximately 5 percent of q &t a
value of the Mach number below the choking speed of the
tunnel. The corrections to the Mach numhers amounted to
approximately cone-~half of these values. The constriction
corrections were such that the coefficients were reduced
and the Mach numbers were increased by the values stated.
The greatest percentage of increase in correctlion, as
would be expected, occurred for the models that had the
largest ratio of model area to tunnel area.

Comparison with light data.- Figure 1l shows the
variation of over-all crag coefficient with Mach number-
for the XP-51 airplane as measured in flight and the
varlation with Mach number of the wing-profile drag at
themid-semispen station measured by the wake-survey
method. These flight data are preliminary as corrections
to the data have not been applied. The results obtained
by use of the gensralized drag curve in estimating the
drag increases with Mach number are also shown in fig-
ure 1ll} for comparison with thse flight measurements of
over-all drag and wing-proille-drag data of the XP-51 alr-
plane. The curves for the wing-profile drag and the over-
all airplane drag in flight begin to rise rather steeply
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at about the same Mach number. This fact tends to justify
the assumption that the wing-root critical speed is a
suitable criterion to use 12 terminal-velocity calcula-
tions. The estimated drag derived from the generalized
drag relation indicates higher drag coeificlients at Mach
numbers of avproximately 0.55 to 0.75 than are shown for
both the measured wing-profile drag and the over-all drag
coefficients. Of more importance, however, 1s the good
agreement that is shown for the values obtalned by use of
the generalized drag curve and the msasured flight data
at Mach numbers greater than 0.7H, which is the reglion
wherse the terminal Mach number usually occurs,

Figure 15 shows a comparison of measured flight drag
and estimated drag for the XPZ2A-2 airplane of reference 6.
aAn important difference In the drag curves occurs at Mach
numbers around the critical lach number. The estimated
drag indicates lower drag coefficients than do tue flight
measurements. This difference is believed to be due to a
combinatlon of early shock formation on the cowling and
alirplane-wing roughness, which ia believed to have caused
some separation of the flow. Good agreement 1s incdlcated
between the flight measurements and the estimated drag in
thie region where the drag coeffilicients rise steeply, which
1s the region that determines the terminal Mach number.

Terminal-Velocity Calculation

The generalized drag curve (fig. 13) mav be used as
an approximation in determining the terminal velocity of
an eirplane in a vertical dive. The terminal veloclty 1s
reached when the drag of the airplane is equal to the
weight of the airplane. The drag of the airplane in a
dive combines both airplans and prorveller characteristics.
In the present analysis, however, zero propeller thrust
1s asssumed and the propeller drag or thrust is therelore
neglected. At supercritical speeds the drag or thrust
caused by the propeller is considered to be negliglble as
compared with the drag of the alrplane, particularly If
the pilot throttles the engine and adjusts the propeller
to a high blade-angle positlon.

The terminal velocity for zero-1lift conditlons 1s
glven by the relation
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W=
o
|_..l
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VS

or, in terms of the terminal Mach number Mg with the

1 | (1)
D .

'U

speed of sound equal to \ Yp
Vp w21 |
- UYPCD

Equation (2) can be rewritten in the form

1 1.
C- !
Duin OP/CDpin

e~ - (3)
T Y PS0oyyp On/CDpip

1!
where -——ﬂ-—— is constant for each airplane at the
pSCDmin '

altitude for which Mm 1s calculated and

S

_Sp __ (VT\
CDmin LCT/

which 1is obtalnable from the generalized drag curve.
Equation (3) can then he solved for the parameter
W

PSCpyan

various values of My and

. Pigure 16 shows sclutions of equation (3) for
W
SC ’
P Pmin

In computations of the terminal velocity, the only
data that must be known about the airplane are the minimum

Ak
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drag coefficient at zero (or approzimately zero) 1lift
coefficient or a low-speed drag coefficient whereby the
minimum drag coefficient can be computed by use of the
generalized drag curve, the wing critical speed, and the
wing loading. Values of these quantitlies, all of which
are used in calculacions other than those for the terminal
velocity, sre easily obtalned. With these values known

W .
for a particular airplane, the parameter —————— can he
I I s 1Y

P3CDysn
calculated for different altitudes; then, for given values
of WM., and CCW , the terminal Mach number can be

Boln s
~min

obtained by use of figure 16.

In order to i1llustrate the method of obtaining the
terminal wvelocity graphically, the terminsl velocitles
have been calculated for the XP24-2, P-39N-1, and P-47 air-
planes. The pertinent data for theoe alrplan 28 are given
in the folloW1ng table:

TABLE T
ATRPLANE DATA

' W

i c —
Alrplans| L. Do S

¢ min (1b/sq Tt)
XF24-2 10.61 (f llpht) 0.022 (fiight) 26.1
.66 (corrected)

P-39N-1 {0.675 (estimated) [0.018 (estim ated) | 3h.1

; r
P-.7 [0.€Y4 (wind tunnel); 0.020 (flight) 5.0 |

: .69 (corrected) | f

! i -t

W
pSCQnin
computed for each airplane. The use of figure 16 to
estimate the terminal Mach number is illustrated for the
P-li7 alrplane at 15,000 feet altitude. The variation of

By use of these data the parameter is
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terminal Mach number with altitude thus obtained for the
three airplanes is presented in figure 17.

Also included in figure 17, for comparison with the
estimated variation of terminal Mach number with altitude,
are records of flight data for the XF24-2, the P-47,
the P-47C-1-RE, and the P-39N-1 airplanes. The flight
record for the P-ii7C-1-RE airplane was obtained by the
late Major Perry Ritchie in a terminal-velocity dive made
at Wright FPield in July 1943. The points represented by
circles were obtained from a dive of a P-L7 airplane made
by a test pilot for the Republic Aviation Corporation.
Unfortunately, & complete dive history is not available
for this dive but it 1s believed that, had one been
aveilable, 1t would have followed a path similar to that
obtained by the late Major Ritchie for the P-l7C-1-RE air-
plane. It 1is further believed that the test points
obtained at altitudes of 22,000 feet and 10,000 feetb
represent entry into and pull-out from the dive, respec-
tively. Data for the XF24-2 airplane were obtained from
reference 6 and the data for the P-39N-1 were obtained
from dive tests made at Ames Asronautical Laboratory. The
present method for estimating the terminal Mach number
yields results that compare favorably with the flight
measurements; the difference between the two is no greater
than 0.02 in Mach number. This method for estimating the
terminal Mach number 1s therefore believed to be suffi-
clently accurate for usual enginsering purposes.

The section sntitled "Drag Characteristics" indicates
that the NACA 230-series airfoils and airfoils similar to
the NACA 230-series could exceed the critlical speed by
approximately 0.05 to 0.15 in Mach number before any
important changes in the aerodynamic characteristics

i

occurred. At Y = 1.0, therefore, the NACA 230-series
‘cr
airfoils and similar airfoils did not show the same
percentage increase in drag as was shown for almost all
the other alirfoils and for the generalized drag curve.
Since in the calculation of the terminal velocity the
critical speed of the airplane is based on the critical
speed of the wing, i1t can be expscted that for alrplanes
utilizing NACA 2%0-series airfoill sectlons or similsr
sectlions the estimation of the terminal velocity will be
in error. If the generalized drag curve is used in the
estimation of the terminal veloclity, the indicated wling
L o % g i A 1

critical speed must be increased approximately 7§ percent
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for the NACA 230-series sections. This correction was
aonlied to the critical speeds of the P-U7 and XF24-2 air-
planes (see table 1), since these airplsnes have NACA 230-

ser

ies sections. The dashed curve on fizure 17 for

Mcr = 0.6l is the result obtained if the indicated criti-
cal Mach number is used rathe; than the effective critical
Mach number, which is about 73 percent higher.

Langley Memorial Asronautical Laboratory

Natlonal advisory Committee for aseronautics
Langley Fleld, Va.
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Fig. 9 NACA ACR No. L3G31l
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